Cell division is commonly thought to involve the equal distribution of cellular components into the two daughter cells. During many cell divisions, however, proteins, membrane compartments, organelles, or even DNA are asymmetrically distributed between the two daughter cells. Here, we review the various types of asymmetries that have been described in yeast and in animal cells. Asymmetric segregation of protein determinants is particularly relevant for stem cell biology. We summarize the relevance of asymmetric cell divisions in various stem cell systems and discuss why defects in asymmetric cell division can lead to the formation of tumors.
When we think of cell division, we usually have a process in mind where one cell gives rise to two identical daughter cells. In many cases, however, cell divisions are asymmetric and generate two daughter cells that are different in protein content, cell size, or developmental potential (Chia et al. 2008; Doe 2008; Gonczy 2008; Knoblich 2008 ). In fact, many secrets of the cell cycle were resolved in the yeast Saccharomyces cerevisiae, an organism that divides in a highly asymmetric fashion (Chant 1999; Thorpe et al. 2008) . But even in cultured cells, cytoplasmic structures like the midbody are often inherited by only one of the two daughter cells (Gromley et al. 2005) . The two centrosomes that are inherited by the two daughter cells can be different in protein composition (Piel et al. 2000; Spradling and Zheng 2007) . And even the chromatin in the two daughter cells could be different, as several results have indicated that the two DNA strands generated during S phase might be unequal in their segregation behavior (Rando 2007) .
While the significance of these mitotic asymmetries in cultured cells remains to be demonstrated, asymmetric cell division in a developing organism is known to play a major role (Horvitz and Herskowitz 1992) . Within a whole tissue, a cell division can become asymmetric in several ways ( Fig. 1 ): In the first example, the dividing cell is within a polar environment. In this case, the two daughter cells are initially identical, but their exposure to different environments induces alternative fates. Alternatively, external polarity can induce the asymmetric distribution of cellular components during mitosis so that their unequal inheritance induces different cell fates. Finally, an asymmetric division can be purely intrinsic when a preexisting cellular polarity is used to polarize cell fate determinants in a cell-autonomous fashion. In this review, we focus on these intrinsic mechanisms, and we refer to excellent recent reviews for extracellular pathways (Spradling et al. 2001; Lin 2002; Fuller and Spradling 2007; Kirilly and Xie 2007; Morrison and Spradling 2008) .
Early theories of development postulated that all cellular identities are assigned through the asymmetric inheritance of nuclear determinants. And as early as 1904, Conklin (1905) could demonstrate that a segregating cytoplasmic determinant conveniently colored in yellow is responsible for the induction of muscle development in the ascidian Styela partita. But it was not before 1994 that a general regulator of asymmetric cell division was found that acts in organisms as different as fruit flies and mice (Rhyu et al. 1994 ). This regulator is called Numb, and its discovery has sparked research efforts that led to the identification of what is now thought to be a fundamental mechanism for intrinsically asymmetric cell division. We discuss this mechanism with a focus on more recent insights, and discuss the exciting implications of intrinsically asymmetric cell divisions for stem cell biology. In particular, we outline the interesting connections that have been made between defects in asymmetric cell division and the generation of a stem cell pool that loses control over growth and proliferation to form eternally proliferating deadly tumors.
Mitotic asymmetries
A cell division is considered asymmetric when the two daughter cells have different sizes, when one or more cellular constituents are preferentially segregated into only one of the two daughter cells, or when the two daughter cells are endowed with different potentials to differentiate into a particular cell type (Horvitz and Herskowitz 1992) . Below, we explain how different daughter cell sizes are generated, and how daughter cells can inherit different fate determinants to enter distinct differentiation pathways. We also summarize asymmetrically segregating cellular components where the functional implications of the asymmetry are still obscure. We focus on animal cells and occasionally include yeast to illustrate functional principles. Asymmetric cell division also plays a major role in plants, but since the mechanisms are quite distinct, we refer to several excellent recent reviews on this topic (Abrash and Bergmann 2009; Menke and Scheres 2009) .
Generating different daughter cell sizes
The size of the two daughter cells is determined by the cleavage furrow, which in turn is specified by the position of the mitotic spindle (Glotzer 2004) . A centrally located mitotic spindle will result in two daughter cells of the same size, whereas any displacement of the spindle toward one pole will generate one larger and one smaller daughter cell. In some cases, like polar body extrusion, this can lead to extreme asymmetry, where one of the daughter cells is barely large enough to hold one copy of the genetic material. In somatic divisions, however, cell size asymmetry is mild and, only rarely, one daughter cell is more than double the size of the other.
The Par protein complex One of the best-understood model systems for generating cell size asymmetry is the zygote of Caenorhabditis elegans. After fertilization, C. elegans embryos divide into a larger anterior AB and a smaller posterior P1 daughter cell (Cowan and Hyman 2004a) . Sperm entry triggers a series of events that result in a subdivision of the cell cortex into an anterior and a posterior domain (Cowan and Hyman 2004a) . This results in a stronger capacity of the posterior cortex to exert force on the mitotic spindle. The spindle is displaced toward the posterior end, and, therefore, the division plane forms in an asymmetric manner. It turns out that the proteins controlling these events are part of a fundamental mechanism for cell polarity and asymmetric cell division that is conserved in worms, flies, and vertebrates.
Core components of this machinery were discovered in a landmark genetic screen for ''par'' (partitioning defect) mutants in which AB and P1 have the same size (Kemphues et al. 1988 ). Based on their localization pattern, three classes of Par proteins can be distinguished: The serine/ threonine kinase PAR-1 (Guo and Kemphues 1995) and the RING finger protein PAR-2 (Boyd et al. 1996) accumulate on the posterior cell cortex, whereas the anterior cell cortex is occupied by the PSD95/Dlg/ZO1 (PDZ) domain proteins PAR-3 and PAR-6, and by an atypical protein kinase C (aPKC, called PKC-3 in C. elegans). In addition, the serine-threonine kinase PAR-4 (Watts et al. 2000) and the 14-3-3e protein PAR-5 (Morton et al. 2002) are necessary for generating asymmetry but are not asymmetrically distributed themselves. The individual Par proteins show distinct levels of functional conservation: While par-2 is found only in C. elegans, the other Par proteins are conserved in animals but not in fungi or plants (Ohno 2001; Suzuki and Ohno 2006) . In animals, the conserved Par proteins regulate epithelial apical-basal polarity and many other aspects of cell polarity (Ohno 2001; Suzuki and Ohno 2006) . Par-3, Par-6, and aPKC regulate asymmetric cell division in diverse organisms including Drosophila, mouse, and chicken. More recently, a function for the Drosophila homologs of PAR-5 and PAR-1 in this process has been described as well (Krahn et al. 2009 ). Par-3, Par-6, and aPKC form a complex that localizes asymmetrically, controls the activity of aPKC in space and time, and acts as a scaffold for the assembly of further asymmetry factors. Par-6 has been reported to bind and regulate aPKC kinase activity, and the two proteins are strictly codependent for their asymmetric localization. Par-6 also binds to the small GTPase Cdc42 through an N-terminal Cdc42/Rac interactive binding (CRIB) domain, and Cdc42 is another important regulator of aPKC activity (Joberty et al. 2000; Johansson et al. 2000; Lin et al. 2000; Qiu et al. 2000) . Par-3 is less tightly bound and localizes asymmetrically without the other partners in certain mutant conditions (Beers and Kemphues 2006) . It competes with other partners for binding to Par-6 (Yamanaka et al. 2006) , and might act as an adaptor that regulates substrate specificity by simultaneously binding both aPKC and its substrates.
Establishing polarity In C. elegans, subdivision of the cell cortex into an anterior and a posterior domain starts with fertilization (Cowan and Hyman 2004a; Gonczy 2008). Before fertilization, PKC-3, PAR-3, and PAR-6 are distributed along the entire cell cortex ( Fig. 2A) . Upon sperm entry, however, PAR-3 and PAR-6 disappear from the cortical area overlying the sperm centrosome, and this allows PAR-2 to be recruited to the cortex. Subsequently, the PAR-2 area expands until the entire cell cortex is divided equally into an anterior PAR-3/6 and a posterior PAR-2 domain. Elegant centrosome ablation experiments have demonstrated that an interaction between the sperm centrosome and the cell cortex is the initial symmetry-breaking event. This interaction was initially thought to be microtubule-independent (Cowan and Hyman 2004b) , but subsequent RNAi experiments have suggested that microtubules play an important role (Tsai and Ahringer 2007) . Polarization of the cell cortex is accompanied by characteristic asymmetries in the actin cytoskeleton (Munro et al. 2004) . Around the time of PAR-2 recruitment, a cortical meshwork consisting of actin and nonmuscle myosin II translocates toward the anterior. This generates a cortical flow of cytoplasm toward the anterior that is balanced by a corresponding posterior flow in the center of the cell. At the same time, cortical ruffling movements, which occur throughout the embryo before polarization, cease in the area that is occupied by PAR-2. It is thought that the cortical actin network is under tension, and a local weakening by the sperm centrosome causes it to collapse toward the anterior much like a mesh stocking stretched over a ball (Bray and White 1988) . This local weakening is mediated by the Rho-GAP CYK-4 that is carried in the sperm and is localized in organelles around the sperm derived centrosome (Jenkins et al. 2006; Motegi and Sugimoto 2006; Schonegg and Hyman 2006) . CYK-4 inactivates Rho by stimulating GTP hydrolysis. Since Rho controls the phosphorylation levels of the myosin regulatory light chain MLC-4, this could inhibit myosin contractility and thereby weaken the actin cytoskeleton.
Although the centrosome is essential for polarity establishment, it is no longer required once the cortical domains have formed (Cowan and Hyman 2004b) . At later stages, inhibitory interactions between the anterior and posterior Par proteins maintain cortical polarity. Anterior PKC-3 phosphorylates PAR-2 within its cortical localization domain, thereby preventing its recruitment to this part of the cell cortex (Hao et al. 2006) . On the posterior side, PAR-2 prevents the cortical localization of PAR-3, and thereby restricts the PAR-3/6 complex to the anterior side. This inhibition is likely to be indirect, since it also requires PAR-1 and PAR-5 (Hao et al. 2006) . Work in Drosophila epithelial cells has demonstrated that Par-1 can directly phosphorylate Par-3 (Benton and Johnston 2003) . Phosphorylation generates binding sites for 14-3-3e (PAR-5 in C. elegans), and thereby prevents binding to aPKC and assembly into the Par complex. Thus, cortical polarity in C. elegans is established by interaction between the sperm centrosome and the actin cytoskeleton. Later, it is maintained by mutual inhibition of the anterior and posterior cortical domains through reciprocal phosphorylation.
Asymmetric spindle positioning and heterotrimeric G proteins How do cortical domains translate into posterior spindle displacement? The position of the mitotic spindle is determined by the extent of pulling forces exerted on the anterior and posterior poles (Hyman and White 1987; Hyman 1989; Grill et al. 2001; Colombo et al. 2003; Labbe et al. 2003) . These forces can be calculated from the speed with which the spindle poles move toward the cell cortex after cutting the central part of the mitotic spindle with a laser beam (Grill et al. 2001) . The forces are higher on the posterior pole, and this depends on the anterior-posterior polarity established by the Par proteins. Experiments in which the spindle poles are disintegrated by a laser beam demonstrate that this is not because more microtubules connect the posterior pole to the cell cortex, but because of a larger number of pulling force generators acting on astral microtubules on the posterior cortex. Thus, different interactions of the anterior and posterior cell cortex with astral microtubules are ultimately responsible for the differences in daughter cell sizes. A membrane-anchored protein complex containing the minus end-directed microtubule motor Dynein and its binding partner LIS-1 generates pulling forces on the astral microtubules (Gonczy 2008) . Microtubules emanating from the centrosome contact the cell cortex via their plus end (Fig. 2B) . Dynein binds to this end and generates a cortex-directed pulling force on the microtubule by trying to move toward the minus end (Gonczy et al. 1999) . On the cortex, microtubule ends depolymerise, and this depolymerization is essential for pulling forces to emerge (Kozlowski et al. 2007; Nguyen-Ngoc et al. 2007) . The interaction of Dynein with the cell cortex is regulated by a protein complex containing the C. elegans NuMA homolog LIN-5 (Gotta et al. 2003; Srinivasan et al. 2003) and one of the two heterotrimeric G-protein a subunits, GOA-1 or GPA-16 (Gotta and Ahringer 2001; Nguyen-Ngoc et al. 2007) . LIN-5 is directly associated with Dynein, while G proteins bind via one of two highly related adaptor proteins: GPR-1 or GPR-2. Since Ga subunits are myristoylated, they might act as the membrane anchor of the spindle-positioning complex.
Why the forces generated by those protein complexes are higher on the posterior side is not precisely understood. The levels of Ga subunits as well as the levels of cortical Dynein and LIS-1 are not significantly different. The difference may lie in GPR-1/2, which are enriched on the posterior side (Colombo et al. 2003; Gotta et al. 2003) . GPR-1 and GPR-2 contain GoLoco domains. GoLoco domains can bind Ga subunits specifically in the GDPbound state (Cismowski et al. 2001) . During signal transduction downstream from seven-transmembrane receptors, ligand binding switches heterotrimeric G proteins from their inactive, GDP-bound state into an active, GTP-bound state where both Ga-GTP as well as the free Gbg subunit can interact with downstream components. In the spindle pathway, only Ga-GDP is active, whereas Gbg plays an inhibitory role. Nevertheless, cycling between GDP-and GTP-bound forms seems to be important, since efficient control of pulling forces requires both the GOA-1 exchange factor RIC-8 and the Ga GAP RGS-7 (Afshar et al. 2004; Hess et al. 2004 ). In the absence of RGS-7, which increases the rate of GTP hydrolysis, posterior pulling forces are actually increased, whereas ric-8 mutants have phenotypes that resemble those of GPR-16/GOA-1 or GPR-1/2. The ric-8 mutant phenotype has been explained by an alternative G-protein signaling cycle in which Ga has to go through one round of GTP hydrolysis in order for the Ga/GPR-1/2 complex to form (Hampoelz and Knoblich 2004) . Although this is an interesting model, it may have to be reconsidered, since further mutant analysis has suggested a role for RIC-8 in delivering G proteins to the plasma membrane rather than controlling their hydrolysis cycle (Afshar et al. 2005; David et al. 2005; Hampoelz et al. 2005; Wang et al. 2005) . Thus, although Dynein and Lis-1 are clearly the business end of the spindle-positioning machinery, the way they are differentially regulated is still unclear.
Asymmetric daughter cell size outside C. elegans The molecular machinery that generates cellular asymmetry in C. elegans is almost entirely conserved in Drosophila (Betschinger and Knoblich 2004; Doe 2008; Knoblich 2008) . In Drosophila, asymmetric cell division is mostly studied in two cell types: neuroblasts, which are the precursors of the CNS, and sensory organ precursor (SOP) cells, which are the founder cells of external sensory (ES) organs (see below for more details). In both cell types, the Drosophila homologs of PAR-3 (called Bazooka) (Schober et al. 1999; Wodarz et al. 1999) , PAR-6 (Petronczki and Knoblich 2001) , and PKC-3 (called aPKC) (Wodarz et al. 2000; Rolls et al. 2003 ) set up polarity for asymmetric cell division. Like in C. elegans, a complex consisting of a heterotrimeric G-protein a subunit (called Gai) (Schaefer et al. 2001; Yu et al. 2003; Izumi et al. 2004 ), a GoLoco domain protein (either Pins or Loco) (Schaefer et al. 2000; Yu et al. 2000 Yu et al. , 2005 , and a NuMA-related Dynein-binding protein (called Mud) (Bowman et al. 2006; Izumi et al. 2006; Siller et al. 2006 ) controls the position of the mitotic spindle during mitosis (Fig. 3 ). How these complexes regulate daughter cell size asymmetry in Drosophila, however, is slightly different from C. elegans. In SOP cells, the Par-3/6/aPKC complex localizes to the posterior cell cortex, whereas Pins and Gai are on the anterior side (Bellaiche et al. 2001b) . Unlike in C. elegans, this results in daughter cells that are similar in size. In neuroblasts, both complexes are apical, and the spindle is displaced to generate a smaller basal daughter cell. An adaptor protein called Inscuteable (Insc) can bind to Pins and Par-3 simultaneously and connects the two complexes (Fig. 3) . When Insc is ectopically expressed in epithelial cells, it is sufficient for reorienting the spindle along an apical-basal axis and for creating a smaller basal and a larger apical daughter cell (Kraut et al. 1996) . Taken together, these results suggest that both Pins/Gai and Par-3/6/aPKC can exert pulling forces in Drosophila: When the two complexes are on the opposite side, this results in equal daughter cells, but when they are combined by the expression of Insc, their concerted action displaces the spindle, resulting in unequal daughter cell size. While Pins/Gai act through Dynein and Lis-1 (Siller et al. 2005) , the mechanism through which Par-3/6/aPKC act on the mitotic spindle remains to be resolved.
Asymmetric inheritance of cell fate determinants
Asymmetric protein segregation in C. elegans A hallmark of any intrinsically asymmetric cell division is the differential inheritance of cell fate determinants by one of the two daughter cells. In C. elegans, the CCCH-Zn finger proteins PIE-1, MEX-5, and MEX-6 are among these segregating determinants (Cowan and Hyman 2004a; Gonczy 2008) . PIE-1 is a germline determinant that segregates into the posterior P1 cell, where it represses general transcription and promotes the expression of germline-specific genes (Seydoux et al. 1996; Tenenhaus et al. 2001) . MEX-5 and MEX-6 segregate into the opposite, anterior AB cell. They are highly homologous and act redundantly in correctly specifying muscle lineages (Schubert et al. 2000) . At the time of fertilization and during most of interphase, all three proteins are distributed uniformly in the cytoplasm of the zygote. During mitosis, however, PIE-1 concentrates in the posterior and MEX-5/6 in the anterior half of the cytoplasm, so that the proteins are differentially segregated into the two daughter cells.
The asymmetric localization of cytoplasmic determinants in C. elegans involves a combination of cytoplasmic anchoring and regulated protein degradation (Spike and Strome 2003) . Before mitosis, a reaction-diffusion mechanism seems to be responsible for the initial concentration of PIE-1 in the posterior cytoplasm that is destined for germline incorporation (Daniels et al. 2009 ). PIE-1 exists in a rapidly diffusing form that can distribute through the embryo and a slowly diffusing form whose long-range movement is hindered by the association with some cytoplasmic structure. Association of PIE-1 with the P granules could be responsible for changes in mobility. P granules are ribonucleoprotein particles that accumulate in the posterior half of the cell. They mark the C. elegans germline and cosegregate with the PIE-1 protein during each division. Mathematical modeling demonstrates that this reaction-diffusion mechanism can explain the graded distribution of PIE-1 that is seen before and during the early stages of mitosis. Later, however, the regulated degradation of PIE-1 protein seems to play an important role (Reese et al. 2000) .
The degradation of PIE-1 is controlled by MEX-5. MEX-5 is phosphorylated by PAR-1 on a C-terminal serine residue (Tenlen et al. 2008) . Through an unknown mechanism, this selectively increases the mobility of MEX-5 in the posterior cytoplasm, causing the protein to accumulate in the anterior domain. In the anterior, MEX-5 (and MEX-6) stimulate PIE-1 degradation. MEX-5 activates a protein called ZIF-1 that recruits PIE-1 and other CCCH-Zn finger proteins into an E3 ubiquitin ligase complex. This complex is also called an ECS-type ubiquitin ligase and contains the proteins Elongin B and C, a Cullin, a SOCS box protein, and a ring finger protein (Kile et al. 2002) . It is thought that after activation by ZIF-1, the complex targets PIE-1 for degradation through the proteasome. Interestingly, however, local degradation has been proposed as a mechanism for P-granule localization as well, suggesting that various interconnections and feedback loops that exist between the various localization mechanisms ensure the formation of a sharp cytoplasmic boundary (Spike and Strome 2003) . Thus, the asymmetric segregation of cytoplasmic determinants in C. elegans involves three steps: First, the Par proteins establish differences in cytoplasmic diffusion rates to generate an initial asymmetric distribution. (Formally, this has only been demonstrated for Mex-5 so far, and future experiments are needed to demonstrate the general use of this attractive mechanism.) Next, the initial asymmetries are refined by differences in protein degradation rates between the anterior and posterior cytoplasm. Finally, feedback loops between anterior and localized determinants result in the formation of sharp boundaries. Drosophila as a model system for asymmetric cell division Besides C. elegans, the fruitfly Drosophila melanogaster is the model organism of choice for the analysis of asymmetric cell division. Unlike C. elegans, the proteins that act as segregating determinants in Drosophila are highly conserved and regulate asymmetric cell division in vertebrates as well.
Our knowledge about asymmetric cell division in Drosophila derives mostly from the analysis of two tissues: SOP cells (Fig. 4) in the Drosophila peripheral nervous system, and neuroblasts in the CNS (Fig. 5 ). SOP cells undergo three rounds of asymmetric cell division to form the different cell types in ES organs (Bardin et al. 2004 ). They first divide into an anterior pIIa and a posterior pIIb cell. Next, the pIIb cell gives rise to an apical pIIIb cell and a basal glia cell that undergoes apoptosis. Finally, pIIa and pIIIb undergo a terminal division to form the two outer (hair and socket) and the two inner (neuron and sheath) cells of the organ (Fig. 4) . ES organs are not essential for viability, and cell fate transformations generate externally visible morphological changes. For these reasons, ES organs have been used recently to analyze asymmetric cell division on a genome-wide level using transgenic RNAi (Mummery-Widmer et al. 2009 ).
Neuroblasts are stem cell-like progenitors that generate all neurons present in the Drosophila CNS (Doe 2008) . During embryogenesis, they undergo a limited number of divisions and do not grow significantly, and therefore become smaller with each round of mitosis. During larval development, they grow in volume between each division, and therefore maintain a constant size that allows them to divide many more times. Based on their position in the brain, larval neuroblasts are subdivided in ventral nerve chord (VNC), central brain (CB), and optic lobe (OL) neuroblasts (Fig. 5A ).
All neuroblasts divide asymmetrically into a larger and a smaller daughter cell. While the larger daughter cell maintains stem cell identity, the smaller so-called ganglion mother cell (GMC) divides only once more to generate two differentiating neurons. Although most neuroblasts obey this lineage, eight CB neuroblasts located in the dorso-posterior and medioposterior part of each brain hemisphere proliferate in a more complex manner (Bello et al. 2008; Boone and Doe 2008; Bowman et al. 2008) . These so-called type II neuroblasts (also called PAN neuroblasts) divide into one neuroblast and one intermediate neural progenitor (INP) . The INP continues to divide asymmetrically and generates one daughter INP and one GMC, which undergoes a terminal division. (Fig. 5B ).
CB and VNC neuroblasts arise from embryonic neuroblasts, which become quiescent during embryogenesis but re-enter the cell cycle during larval development (Truman and Bate 1988) . In the OL, however, neuroblasts are generated during larval stages. The OL originates from the embryonic optic placode and starts to proliferate and expand in size during larval development (White and Kankel 1978) . It is composed of a columnar neuroepithelium that does not express the neuroblast identity genes asense (ase) or deadpan (dpn) (Egger et al. 2007) . During larval development, a synchronized wave of proneural gene expression spreads through the epithelium and triggers the transition of epithelial cells into neuroblasts (Yasugi et al. 2008) . Before this transition, epithelial cells divide symmetrically, but afterward, they lose their epithelial junctions and divide asymmetrically following a typical neuroblast lineage. Since vertebrate neurogenesis passes through a similar neuroepithelial stage of expansion by symmetric division (Gotz and Huttner 2005) , the OL might be a particularly suitable model system for brain development in higher organisms.
Segregating determinants in Drosophila The proteins Numb (Rhyu et al. 1994; , Neuralized (Le Borgne and Schweisguth 2003) , Prospero (Pros) (Hirata et al. 1995; Knoblich et al. 1995; , and Brat (Bello et al. 2006; Betschinger et al. 2006; Lee et al. 2006c ) are known to act as segregating determinants in the Drosophila nervous system (Fig. 6 ). During late prophase, the proteins concentrate in the plasma membrane area overlying one of the two spindle poles, and upon cytokinesis they segregate into one of the two daughter cells. Numb contains an N-terminal phosphotyrosine-binding (PTB) domain (Li et al. 1998 ) and a C-terminal DPF/NPF motif that is known to bind components of the endocytic machinery (Berdnik et al. 2002) . Numb is a membraneassociated protein that contains an N-myristoylation signal (Benetka et al. 2008) and several N-terminal positively charged amino acids that might interact with membrane phospholipids. During interphase, Numb is distributed uniformly around the plasma membrane. During mitosis, it concentrates in the plasma membrane area overlying one of the two spindle poles so that it segregates into one of the two daughter cells during cytokinesis (Rhyu et al. 1994) . In this cell, it inhibits signal transduction through the Notch/Delta pathway. In numb mutants, SOP cells divide symmetrically into two pIIa cells, leading to the formation of abnormal ES organs with only outer, but no inner, cells (Uemura et al. 1989; Rhyu et al. 1994) . In numb mutant larval neuroblasts, defects in asymmetric cell division result in the formation of a stem cell-derived tumor (Lee et al. 2006a; Wang et al. 2006) . This tumor phenotype is characteristic for many regulators of asymmetric cell division (see below), and results from the massive generation of neuroblasts at the expense of GMCs. Numb also acts in the malphighian tubules, in the gut, and in muscles (Carmena et al. 1998) , indicating that it is the most general regulator of asymmetric cell division in flies.
Numb is a regulator of endocytosis that binds to the endocytic adaptor protein a-adaptin (Santolini et al. 2000; Berdnik et al. 2002) . Through its N-terminal PTB domain, Numb also interacts with the Notch receptor , and it could regulate Notch trafficking at an early endocytic step. Numb also binds to the four-transmembrane protein Sanpodo (O'Connor-Giles and Skeath 2003; Hutterer and Knoblich 2005) . Sanpodo is required for Notch signaling only in those tissues where Numb acts (Skeath and Doe 1998) . It is localized on intracellular vesicles, but relocalizes to the plasma membrane in the absence of Numb (O'Connor-Giles and Skeath 2003; Hutterer and Knoblich 2005) . Thus, Numb could inhibit Notch by facilitating the translocation of Sanpodo into an endocytic compartment where it cannot fulfil its role in the Notch pathway.
Like Numb, the E3 ubiquitin ligase Neuralized segregates into the pIIb cell during SOP division (Le Borgne and Schweisguth 2003) . In neuralized mutants, SOP cells generate two pIIb cells, a cell fate transformation opposite to that observed in numb mutants. Neuralized acts as a ubiquitin ligase for the Notch ligand Delta (Lai 2002) , and this modification is essential for Delta to activate Notch in the neighboring cell (Fig. 6 ). Thus, Neuralized is an activator of Notch signaling while Numb is an inhibitor, and this explains the opposite phenotypes. Whether Neuralized has a function in neuroblasts as well is currently unclear.
Pros is a homeodomain transcription factor that transiently associates with the coiled-coil protein Miranda (Mira) during mitosis (Fig. 6; Ikeshima-Kataoka et al. 1997; Shen et al. 1997) . Together with Mira, Pros segregates into one of the two daughter cells, where it dissociates from Mira and enters the nucleus (Hirata et al. 1995; Knoblich et al. 1995; . In SOP cells, Pros plays only a minor role (Reddy and Rodrigues 1999) . In the neuroblast lineage, however, it is a major determinant of the GMC fate. During embryogenesis, mutations in pros lead to the loss of differentiated neurons (Doe et al. 1991) and to the transformation of GMCs into ectopic neuroblasts (Choksi et al. 2006 ). In the larval CNS, pros mutant neuroblasts give rise to tumors consisting of neuroblasts that have lost their ability to generate differentiating neurons (Bello et al. 2006; Betschinger et al. 2006; Lee et al. 2006c) . A technique called DamID (DNA adenine methyltransferase identification) has been used to determine the nuclear-binding sites on a genome-wide level (Choksi et al. 2006) . This technique involves the expression of a fusion protein between Pros and the Escherichia coli adenine methyltransferase Dam in transgenic flies. Pros will target Dam to its endogenous binding sites, which can then be identified upon DNA digestion with a methylationsensitive restriction endonuclease. Among the identified Pros targets are key cell cycle regulators and genes required for neuroblast self-renewal, but also genes involved in neuronal differentiation. Microarray analysis reveals that Pros can act as both a transcriptional activator of cell cycle genes and an inhibitor of differentiation genes (Choksi et al. 2006) . Thus, Pros modulates the transcription pattern of the small neuroblast daughter to exit the cell cycle and enter a differentiation pathway.
The most recently identified segregating determinant is called Brat (Fig. 6 ; Bello et al. 2006; Betschinger et al. 2006; Lee et al. 2006c ). Like Pros, Brat binds to Mira in mitosis and cosegregates into the GMC during neuroblast and SOP division. In SOP cells, Brat is not required for asymmetric division, but in embryonic neuroblasts, it acts redundantly with Pros to induce neuronal differentiation (Betschinger et al. 2006) . In larval neuroblasts, Brat acts as a tumor suppressor, and in brat mutants, neuroblasts overproliferate at the expense of differentiating neurons. In contrast to pros, however, brat is required only in type II CB neuroblasts. These neuroblasts do not express pros, and this may be why they are particularly sensitive to the loss of other determinants like brat. Brat is particularly interesting because it inhibits proliferation also in symmetrically dividing cells. When overexpressed in epithelial cells, brat reduces the size of the nucleolus and inhibits mitotic proliferation (Frank et al. 2002) . Since the nucleolus is the site of ribosomal RNA biogenesis, a reduction of overall protein biosynthesis rates may explain the growth inhibitory function of Brat.
Brat is a member of a conserved protein family whose common function may be the control of stem cell proliferation. One or more N-terminal B boxes, a coiled-coil region, and a C-terminal NHL (NCL-1, HT1A, and LIN-41) domain characterize these proteins ( Fig. 6 ; Reymond et al. 2001) . In Drosophila, at least one other member of this family besides brat acts as a tumor suppressor. This protein is called Mei-P26, and it controls differentiation and cell growth in the Drosophila ovary (Page et al. 2000; Neumuller et al. 2008) . Drosophila ovarian stem cells normally generate one daughter cell that retains stem cell identity and one so-called cystoblast that switches to a transit-amplifying division mode with incomplete cytokinesis (Wong et al. 2005) . While stem cells maintain their size over many cell divisions, cystocytes (the daughter cells of the cystoblast) become smaller because cell growth is no longer coupled to cell division. Mei-P26 is specifically expressed in cystocytes and reaches a peak at the end of mitotic proliferation. In mei-P26 mutants, cystocytes maintain their size during the transit-amplifying divisions and continue to divide mitotically, leading to the formation of an ovarian tumor. Like brat, mei-P26 reduces the size of the nucleolus, suggesting that inhibition of protein biosynthesis may be a common function of the Brat/Mei-P26 protein family. This function seems to be conserved as a role in proliferation control, and regulation of the nucleolus has also been described for the mouse homolog TRIM32 (Schwamborn et al. 2009 ) and the C. elegans homolog Ncl-1 (Frank and Roth 1998) as well.
The molecular function of brat in neuroblasts is unclear. Brat has been suggested to regulate the activity of Pros (Bello et al. 2006 ), but this is unlikely since brat tumors arise in type II CB neuroblasts where pros is not expressed (Bowman et al. 2008) . During early embryogenesis, brat forms an RNA-binding complex with Nanos and Pumilio. This complex inhibits the translation of a protein called Hunchback and is involved in establishing the anterior-posterior body axis (Sonoda and Wharton 2001) . So far, however, a role for this complex in neuroblasts has not been demonstrated. Some hints as to how brat may act come from the analysis of its relatives, Mei-P26 and TRIM32. Both proteins act as inhibitors of the transcription factor Myc. They contain an N-terminal RING finger domain that has ubiquitin ligase activity and targets Myc for proteasomal degradation. Brat does not have a RING finger domain, but it might regulate Myc in another way. Brat , Mei-P26 , TRIM32 (Schwamborn et al. 2009) , and their C. elegans homolog NHL-2 (Hammell et al. 2009 ) can bind to the RNase Argonaute-1 (Ago1) via their C-terminal NHL domain. Ago1 is a key component of the microRNA (miRNA) pathway, and, indeed, NHL-2 and TRIM32 were shown to activate certain miRNAs. Mei-P26 regulates miRNAs as well, but in this case, the effect is inhibitory. As we do not know the mechanistic basis for these regulatory effects, the reasons for those differences are currently unclear. In any case, determining whether Brat inhibits proliferation through miRNAs as well will be an interesting question to answer.
Asymmetric localization of Drosophila cell fate determinants As in C. elegans, the asymmetric segregation of cell fate determinants in Drosophila involves the Par-3/6/aPKC complex. Par-3/6 and aPKC localize apically in neuroblasts (Schober et al. 1999; Wodarz et al. 1999 Wodarz et al. , 2000 Petronczki and Knoblich 2001) and posteriorly in SOP cells (Bellaiche et al. 2001b) . In SOP cells, Par protein polarity follows planar polarity of the overlying epithelium. Embryonic neuroblasts arise from a polarized epithelium, and the apical localization of Par-3/6 and aPKC is simply maintained during the delamination process and the first mitotic division. This directs the first division along the apical-basal axis. During subsequent divisions, Par-3/6/aPKC localization is maintained through an extracellular signal that is received via a cadherinmediated contact with the overlying epidermis (Siegrist and Doe 2006) . The molecular nature of this signal is unknown. In larval neuroblasts, the mechanisms that set up and maintain polarity are less clear. One of the two centrosomes occupies an invariant position between individual division cycles (Rebollo et al. 2007) , and this may serve as a positional cue for orienting asymmetric cell divisions along the same polarity axis in this cell type. Thus, the Par proteins direct asymmetric cell division in Drosophila as well, but in contrast to C. elegans, their initial polarization is determined by pre-existing polarity in the surrounding tissues.
How the Par protein complex directs the asymmetric localization of cell fate determinants has only recently become clear. Brat and Pros localize by binding to the adaptor protein Mira (Ikeshima-Kataoka et al. 1997; Shen et al. 1997; Matsuzaki et al. 1998; Bello et al. 2006; Betschinger et al. 2006; Lee et al. 2006c) . Numb binds to the adaptor protein Pon (Partner of Numb), but, unlike Mira, Pon is not essential for the asymmetric localization of its binding partner (Lu et al. 1998 ). Thus, Numb, Mira, and, to some extent, Pon are the key targets of Par proteins during asymmetric cell division.
Numb and Mira localization is microtubule-independent (Knoblich et al. 1995) but requires the actin cytoskeleton (Knoblich et al. 1997; Shen et al. 1998) . Genetic experiments have suggested that two myosin motors might be responsible for directional transport of the two proteins along the cell cortex: Inhibition of myosin II activity by a Rho kinase inhibitor prevents Mira localization (Barros et al. 2003) . In addition, myosin VI is required for localization of Mira (Petritsch et al. 2003) but not Pon (Erben et al. 2008 ). However, photobleaching experiments did not reveal any evidence for directional transport along the cell cortex (Lu et al. 1999; Mayer et al. 2005) . Instead, these experiments show that Numb and Pon exchange rapidly between plasma membrane and cytoplasm, and suggest that local differences in cortical affinity are responsible for the apparent asymmetric localization of these proteins. As it turns out, cell cycledependent phosphorylation of Numb, Pon, and Mira regulates those differences in plasma membrane affinity.
The plasma membrane affinity of Numb is regulated by phosphorylation. Numb is attached to membranes through its N terminus (Knoblich et al. 1997 ). The positively charged N-terminal region of Numb that is responsible for membrane association contains three aPKC phosphorylation sites. Phosphorylation of those sites neutralizes the charges and prevents membrane localization of Numb (Smith et al. 2007) . Interestingly, a nonphosphorylatable form of Numb is cortical but fails to localize asymmetrically, indicating that aPKC phosphorylation might be responsible for the asymmetric localization of Numb. In a simple model, Numb is phosphorylated by aPKC on one side of the cell, and therefore concentrates on the opposite side of the plasma membrane ( Fig. 7A ; Smith et al. 2007; Wirtz-Peitz et al. 2008) .
Why is Numb only asymmetric in mitosis, although aPKC is asymmetric already in interphase? Recent experiments have shown that aPKC substrate specificity is regulated in a cell cycle-dependent manner by the mitotic kinase Aurora A (Fig. 7A) . aPKC is part of two protein complexes (Yamanaka et al. 2006 ): In mitosis, it binds to Par-6 and Par-3. In interphase, Par-6 is still in the complex, but Par-3 is replaced by Lgl [Lethal (2) giant larvae], a WD40 repeat protein (Betschinger et al. 2005 ) that was originally identified as a tumor suppressor in Drosophila (Gateff 1978; Mechler et al. 1985) . Biochemical experiments show that only the Par-3-containing form of the complex can phosphorylate Numb, while the Lgl complex has almost no activity (Wirtz-Peitz et al. 2008 ). This can be explained because Par-3 can bind to Numb and might act as an adaptor, allowing aPKC to recognize Numb as a substrate. Transition between the two complexes is triggered by Aurora A. At the onset of mitosis, when Aurora A becomes active, it phosphorylates Par-6 on a residue involved in aPKC binding. Through some conformational change, this increases the activity of aPKC, and the first protein that is phosphorylated is Lgl. Phosphorylated Lgl no longer binds aPKC, and this allows Par-3 to bind and Numb to be phosphorylated. Thus, a cascade of phosphorylation events initiated by the mitotic kinase Aurora A is responsible for the asymmetric localization of Numb.
Besides clarifying Numb localization, this mechanism could also explain why the segregation of aPKC into the daughter neuroblast is important for cell fate specification (Rolls et al. 2003; Lee et al. 2006b; Cabernard and Doe 2009) . Since Numb acts at the plasma membrane, phosphorylation should prevent its inhibitory action on the Notch pathway. Therefore, aPKC should not only localize but also inhibit the downstream functions of Numb. Immediately after mitosis, aPKC is bound to Par-3, and therefore it can phosphorylate any residual Numb The ratio of apical/basal determinants specifies cellular identity. Asymmetric neuroblast divisions can occur, although both daughter cells inherit cell fate determinants (green) that are inhibited by aPKC (red) in one daughter cell (DNA, blue).
protein that is accidentally inherited by the neuroblast daughter. This hypothesis is supported by several genetic interactions between Numb and components of the apical Par-3/6/aPKC complex (Wirtz-Peitz et al. 2008) . It could explain why neuroblast divisions are completely normal even when aPKC is asymmetric, but basal determinants are inherited by both daughter cells in mutants affecting spindle orientation ( Fig. 7B ; Cabernard and Doe 2009) . Thus, the asymmetric inheritance of aPKC provides a backup mechanism to ensure asymmetric cell division even when determinant localization fails.
How are the other determinants localized? Like Numb, Mira is a substrate for aPKC (Wirtz-Peitz et al. 2008) , and aPKC phosphorylation is important for Mira localization as well ( Fig. 7A ; Atwood and Prehoda 2009) . Neuralized carries an N-terminal myristoylation signal followed by a positively charged domain that binds to membrane phospholipids (Skwarek et al. 2007) . Consensus sites for aPKC phosphorylation are located near this domain, and it is quite conceivable that its localization mechanism is highly similar to that of Numb. Pon can also be phosphorylated by aPKC (Wirtz-Peitz et al. 2008) , but is also a substrate of the mitotic kinase Polo (Wang et al. 2007) . Polo is required for Pon and Numb localization and it acts as a tumor suppressor. Therefore, phosphorylation by Polo might provide a secondary regulatory signal to connect determinant localization with cell cycle progression. Since Polo is asymmetrically localized in C. elegans (where it is called PLK-1) and is required for asymmetric cell division as well (Budirahardja and Gonczy 2008; Rivers et al. 2008) , this role may well be conserved in evolution.
Asymmetric protein localization in Drosophila also requires the phosphatases PP2A and PP4 (Chabu and Doe 2009; Krahn et al. 2009; Sousa-Nunes et al. 2009; Wang et al. 2009) . PP4 is essential for centrosomes to nucleate astral microtubules (Helps et al. 1998) , and acts with its regulatory subunit, PP4R3 (called Falafel [Flfl] in flies), in the asymmetric localization of Mira (SousaNunes et al. 2009) . PP2A works together with its regulatory subunit, Twins, to regulate the asymmetric localization of aPKC and Numb and the orientation of the mitotic spindle (Chabu and Doe 2009; Wang et al. 2009 ). PP2A may revert the phosphorylation events catalyzed by Aurora-A or Polo. Interestingly, PP2A can also revert the phosphorylation of Par-3 by Par-1 (Krahn et al. 2009) , and its absence can lead to a complete reversal of neuroblast polarity in Drosophila embryos. How this surprising phenotype fits with the regulatory networks described so far will need to be determined.
Telophase rescue Although the initial asymmetric localization of cell fate determinants is microtubule-independent, a second, microtubule-dependent mechanism called ''telophase rescue'' ensures the asymmetric segregation of Numb or Mira even when they are not asymmetric in metaphase ( Fig. 8 ; Schober et al. 1999; Wodarz et al. 1999; Peng et al. 2000) . While cortical polarity normally instructs both spindle orientation and determinant localization, in this case, astral microtubules emanating from the centrosome to the plasma membrane instruct polarization of the cell cortex. Telophase rescue requires the membrane-bound guanylate kinase Dlg (discs large) and its interaction partner, Khc-73, a kinesin motor heavy chain (Siegrist and Doe 2005) . Khc-73 localizes to microtubule plus ends, and its motor activity may act on the cortical actin cytoskeleton to focus cortical protein localization. The pathway is clearly required in mutants affecting cortical polarity (Siegrist and Doe 2005) or spindle orientation (Bowman et al. 2006; Izumi et al. 2006; Siller et al. 2006) . The fact that mutations affecting astral microtubules cause an occasional missegregation of determinants indicates that the pathway is important during normal asymmetric cell division as well (Basto et al. 2006) . Drosophila and C. elegans: variations on a common theme The asymmetric localization of cell fate determinants during asymmetric cell division in C. elegans and Drosophila follows similar conserved principles. In both systems, initial asymmetric localization of cell fate determinants is established by differential regulation of mobility in different parts of the cell. In Drosophila, Numb is immobilized on the plasma membrane on one side of the cell but not the other. In C. elegans, diffusion of cell fate determinants is limited in one-half of the cytoplasm, possibly by differential association with ribonucleoprotein particles. It is intriguing to speculate that phosphorylation by an asymmetrically localized protein kinase (PKC-3 or PAR-1) might be responsible for the difference in cytoplasmic diffusion rates in C. elegans as well.
In both C. elegans and Drosophila, the initial asymmetry is enhanced by a secondary mechanism. In C. elegans, this involves differential regulation of protein stability in the anterior and posterior compartments. In Drosophila, interactions of astral microtubules with the cell cortex are responsible for refinement of cortical determinant Figure 8 . Spindle orientation defects in metaphase are frequently corrected by the ''telophase rescue'' pathway in anaphase/telophase. This rescue pathway restores the correct cell fate determinant segregation in late cell cycle phases in a majority of divisions in spindle orientation mutants (DNA, blue). localization. Thus, principally similar mechanisms are employed to achieve asymmetric localization in the cytoplasm or at the membrane in the two systems.
Asymmetric inheritance of damaged and misfolded proteins
Several cellular components are asymmetrically inherited, although they do not act in cell fate determination. Among these are damaged proteins that arise as byproducts of cellular metabolism (Garcia-Mata et al. 2002) . Oxygen radicals can lead to carbonylation of amino acids. These modifications are irreversible and accumulate over time. In addition, nonenzymatic Maillard reactions between reduced carbohydrates and proteins generate advanced glycation end products (AGE). Both of these metabolic by-products are increased in neurodegenerative diseases like Alzheimer's or Parkinson's, and, therefore, the mechanisms leading to their elimination are of high medical relevance.
Specific antibodies exist to detect AGE products (Horiuchi et al. 1991) . Carbonylated proteins can be visualized by a histochemical reaction generating a product that is recognized by a specific antibody (Aguilaniu et al. 2001 ). In yeast, carbonylated proteins are inherited by just one of the two daughter cells during mitosis (Aguilaniu et al. 2003) . Yeast cells divide by budding. Daughter cells are generated by a protrusion growing from the plasma membrane and constriction of the plasma membrane, as in animal cell cytokinesis. Yeast used to be the leading model system for asymmetric cell division (Horvitz and Herskowitz 1992; Chant 1999) , before it turned out that most of the mechanisms are not conserved in higher animals. However, yeast may provide highly useful insights into cellular aging, particularly in stem cells (Tissenbaum and Guarente 2002) . Lineage analysis revealed that the two daughter cells generated during yeast division have unequal potential to survive (Fig. 9A) . While the mother cell has a limited life span (Mortimer and Johnston 1959) and shows signs of cellular aging (Sinclair et al. 1998) , the daughter cell is rejuvenated and will live much longer. Aging in yeast is due to the accumulation of cellular damage. Besides extrachromosomal DNA circles that are a by-product of replication of repetitive sequences, accumulation of damaged proteins is a major factor. Therefore, the asymmetric inheritance of carbonylated proteins may be one of the mechanisms through which yeast cells prevent colony extinction due to cellular senescence of mother and daughter cells. The ability to segregate damaged proteins diminishes in old yeast cells, and this may explain why daughter cells of very old mothers have a shorter replicative life span than daughter cells of young mother cells (Fig. 9A) .
The mechanism by which damaged proteins are asymmetrically inherited is unclear. The actin cytoskeleton is required and so is the histone deacetylase sir-2 (Aguilaniu et al. 2003) . This is different for the asymmetric inheritance of extrachromosomal DNA circles. These circles arise from errors during replication of the highly repetitive ribosomal DNA clusters and are a major factor in determining yeast life span (Sinclair and Guarente 1997) . During mitosis, they are inherited specifically by the mother cell and cleared from the daughter (Shcheprova et al. 2008) . This is because they transiently associate with nuclear pore components during mitosis. In yeast, the nuclear envelope is maintained during mitosis, and elegant live-imaging and photobleaching experiments have demonstrated that a diffusion barrier exists within the nuclear envelope. This barrier allows the nuclear membrane to be extended into the daughter cell, but retains all nuclear pore complexes in the mother. In the daughter, nuclear pores are synthesized de novo. As a consequence, the associated DNA circles are retained in the mother cell, while the daughter is free of this burden.
To what extent is the asymmetric inheritance of cellular waste conserved? The amount of damaged, carbonylated proteins is high in mouse embryonic stem cells (Hernebring et al. 2006) . In a developing mouse embryo, damaged proteins are enriched in the inner cell mass from where ES cells originate. Upon differentiation, the amount of carbonylated proteins is significantly reduced due to a proteasomal mechanism that allows animal cells to get rid of damaged proteins altogether. The mechanism involves the proteasome, but its precise molecular nature is unclear. Recent experiments have revealed that signaling intermediates targeted for degradation can be segregated asymmetrically in mitosis (Fuentealba et al. 2008), and it is quite possible that this applies to damaged proteins as well.
Asymmetric inheritance has also been demonstrated for another form of damaged proteins. Proteins that have not been properly folded during biosynthesis accumulate in particulate structures called the aggresomes (Johnston et al. 1998; Garcia-Mata et al. 2002) . They typically form in the area surrounding one of the two centrosomes. They can be specifically induced by the expression of Huntingtin or the cystic fibrosis transmembrane conducting regulator CFTR, where particular mutant forms exist that are misfolded, aggregate, and contribute to disease formation. When expressed in various cell lines, those proteins accumulate in a single aggresome that is typically located next to the centrosome (Johnston et al. 1998) . In Drosophila embryonic neuroblasts, aggresomes are asymmetrically inherited by the neuroblast daughter cell (Rujano et al. 2006) . Although it needs to be demonstrated whether this asymmetry is observed in longer-lived larval neuroblasts as well, this mechanism might protect neurons from those potentially neurotoxic protein aggregates. As neuroblasts are a developmental cell type compared with neurons that persist throughout the entire life span of the fly, clearing damaged proteins from neurons into neuroblasts might have a role in preventing neurodegeneration. Asymmetric segregation of aggresomes is also seen in mouse gut stem cells, but in this case, non-stem cells inherit the structures (Rujano et al. 2006) . While it makes a lot of sense to protect stem cells from cellular garbage, it is unclear why the polarity of segregation is inverted compared with Drosophila. In any case, the functional relevance of this potentially interesting phenomenon needs to be determined. Thus, the asymmetric inheritance of damaged or misfolded proteins may also occur in organisms other than yeast, but presently the mechanisms are entirely enigmatic.
Asymmetric inheritance of centrioles and centrosomes
Centrosomes each contain a pair of centrioles surrounded by pericentriolar material. Although the centrosomes at both spindle poles usually appear identical, the history of their individual centriole pairs is different. Centriole pairs split into individual centrioles early in the cell cycle and are then replicated semiconservatively, meaning that, in mitosis, each pair consists of one old and one new centriole. In the next cell cycle, one pair will consist entirely of recently synthesized centrioles, while the other will contain one centriole that can be many cell cycles old. As it turns out, many cell types can distinguish between the resulting old and new centrioles, and, in some cases, it seems like they are distinctly segregated into the two daughter cells.
Asymmetric segregation of microtubule-organizing centers (MTOCs) was first studied in yeast (Pereira et al. 2001) . In yeast, the equivalent of the centrosome is called the spindle pole body (SPB). It does not contain centrioles and does not replicate semiconservatively. Instead, the entire SPB is duplicated during each cell cycle, resulting in one old and one new SPB. SPBs can be labeled by GFP fusions to Spc42p, a constitutive and stable component of the SPB. Upon photobleaching, the old SPB will remain unlabeled for several cell cycles, while the newly assembled SPB will recruit Spc42p from the cytoplasm and regain fluorescence after one cell cycle. This technology was used to demonstrate unequivocally that budding daughter cells almost always inherit the old SPB, while the newly synthesized spindle pole always remains in the mother cell (Pereira et al. 2001; Bornens and Piel 2002) . What is the biological significance of this asymmetry in SPB behavior? The late stages of mitosis in yeast cells are regulated by two protein networks called the mitotic exit network (MEN) and the separation initiation network (SIN) (Bardin and Amon 2001) . Key regulatory components of both networks are known to accumulate on the bud SPB but not the mother cell SPB. It would be attractive to speculate that centrosome asymmetry is responsible for this differential protein recruitment. However, when SPB inheritance is randomized by a transient treatment with microtubule inhibitors, key components of the MEN are still found exclusively on the bud SPB, although this can now be either the old or the new SPB (Pereira et al. 2001) . Instead, it is the interaction between the SPB and the cell cortex that is different between the bud and the mother cell, and this difference is responsible for the differential recruitment of regulatory proteins (Pereira et al. 2001) . Thus, yeast cells are able to segregate old and new SPBs differentially into the two daughter cells, but the physiological relevance of this asymmetry is unclear. Most likely, the old SPB can simply nucleate microtubules earlier and is therefore more likely to become the target of the microtubule-dependent machinery that moves one SPB into the budding daughter cell.
Asymmetry between the two centrosomes has also been demonstrated in the Drosophila germline (Yamashita et al. 2007) . Like female germline stem cells (GSCs), GSCs in the Drosophila testes divide asymmetrically because one daughter cell receives an extracellular signal from the surrounding stem cell niche (Fuller and Spradling 2007) . For this, the mitotic spindle in the stem cell needs to be oriented perpendicularly to the niche so that one daughter cell is positioned at maximum distance from the source of the signal. This is achieved by anchoring the centrosome to a DE-cadherin/b-cateninrich (called armadillo in Drosophila) structure at the stem cell/niche interface throughout the cell cycle (Yamashita et al. 2003) . After centriole duplication, it will always be the newly generated centrosome that migrates to the opposite pole, resulting in perpendicular spindle orientation (Yamashita et al. 2007) . As a consequence, it is always the centrosome containing the old centriole that is inherited by the stem cell daughter (Yamashita et al. 2007) . Although the functional relevance of this asymmetric centrosome inheritance is unclear, it is tempting to speculate that the permanent inheritance of a centriole contributes to the ability of stem cells to proliferate forever (Spradling and Zheng 2007) . GENES & DEVELOPMENT Cold Spring Harbor Laboratory Press on November 24, 2018 -Published by genesdev.cshlp.org Downloaded from A similar mode of centrosome inheritance might be used by Drosophila neuroblasts (Castellanos et al. 2008) . Early reports demonstrated that, during the first division of embryonic neuroblasts, mitotic spindles rotate in metaphase to achieve their correct orientation (Kaltschmidt et al. 2000) . During subsequent divisions and in larval neuroblasts, however, subsequent liveimaging studies revealed a different mode of orientation (Rebollo et al. 2007 (Rebollo et al. , 2009 . Similar to male GSCs, one centriole remains anchored on a fixed position at the cell cortex. After centrosome duplication, one of the two centrioles loses its pericentriolar material and migrates to the opposite pole, where it recruits pericentrosomal material and sets up a mitotic spindle, which is already in its final orientation. Although this has not been formally demonstrated, it is quite likely that, in analogy to male GSCs, it is the older centriole that is anchored at a fixed position. In analogy to the germline, this would result in the asymmetric inheritance of the centrioles and the permanent retention of the oldest centriole in the stem cell daughter. Consistently, loss of centrioles in Drosophila DSas-4 mutants is associated with defects in asymmetric cell division of larval neuroblasts. Surprisingly, however, these mutant flies develop into adults, suggesting that centrioles are dispensable for a wide range of developmental processes (Basto et al. 2006) .
However, asymmetric centrosome inheritance is not a general feature of all stem cell lineages. In the female Drosophila germline, stem cell division is oriented similarly to males. Despite this similarity, however, centrosomes segregate randomly in this lineage, and, in fact, centrosomes are not required for proper orientation of stem cell division . Thus, the asymmetric behavior of centrosomes is not an essential feature of stem cell divisions.
So far, there is no evidence for asymmetric inheritance of centrosomes in mammalian stem cells, although the protein content of older and newer centrosomes can be quite distinct. For example, e-tubulin is found specifically in the pericentriolar material of the old centrosome (Chang and Stearns 2000) while the poly (ADP-ribose) polymerase hPARP3 is found preferentially at the daughter centriole (Augustin et al. 2003) . In cell lines expressing a centrin-GFP fusion, newly synthesized centrioles are less intensely labeled, and this allows the observation of mother and daughter centrosome behavior in real time (Piel et al. 2000) . After cell division, it is always the mother (older) centrosome that remains near the cell center, while the newer centrosome migrates extensively throughout the cytoplasm. However, those differences disappear as cells go into mitosis and do not result in different behaviors of the two spindle poles. In addition, the mother centriole is known to move toward the cleavage plane during cytokinesis, where it contributes to proper abscission of the two daughter cells (Piel et al. 2001) . Whatever the mechanism is by which cells distinguish older and younger centrioles, it will be interesting to determine whether stem cells show phenomena related to centrosome asymmetry in vivo as well.
Asymmetric inheritance of ribosomal components
The rate of cellular growth is highly correlated with overall protein biosynthesis. Rapidly proliferating cells are therefore characterized by extensive protein biosynthesis and a high rate of ribosome biogenesis. Recent liveimaging studies in Drosophila stem cell lineages have shown that ribosomal components can be distributed asymmetrically themselves, and this can contribute to different growth rates in the two daughter cells of an asymmetric division.
When Drosophila female GSCs divide asymmetrically, one daughter cell remains a stem cell and maintains its cell size over many cell divisions. The other daughter cell, the so-called cystoblast, will become smaller with each cell division. Since the nucleolus is much larger in the stem cell ), a faster protein biosynthesis rate in the stem cell may contribute to this size difference. Although an extrinsic signal coming from the stem cell niche is primarily responsible for the different fates of the two daughter cells, recent experiments have demonstrated that the protein Wicked is distributed asymmetrically and is inherited preferentially by the daughter cell that retains GSC fate (Fichelson et al. 2009) . Wicked encodes for a nucleolar protein required for correct processing of ribosomal RNA (rRNA). In wicked mutants, rRNA intermediates accumulate and, ultimately, GSCs are lost and undergo premature differentiation. It is tempting to speculate that the inability of GSCs to maintain high protein biosynthesis rates required for lifelong self-renewal is the cause of this phenotype. Interestingly, the asymmetric segregation of Wicked is not directed by the stem cell niche signal, but by a cell-intrinsic mechanism. Thus, the asymmetric segregation of core components of the protein biosynthesis machinery can contribute to self-renewal capacity in stem cell lineage. Asymmetric distribution of Wicked is observed in Drosophila neuroblasts as well (Fichelson et al. 2009) , and it will be exciting to determine whether mammalian stem cells display asymmetries of this kind as well.
Asymmetric inheritance of DNA
Each round of DNA replication can potentially introduce mutations via incorporation of incorrect nucleotides. While sophisticated repair mechanisms ensure that the mutation rate during each individual S phase is minimal, the problem is more significant in stem cells, which proliferate throughout the lifetime of an animal. One way around this problem would be to retain the template DNA strand in the stem cell and continuously pass on the newly synthesized copy to the more short-lived non-stem cell daughter. This hypothesis was put forward by Cairns in the 1970s (Cairns 1975) and is called the ''immortal strand hypothesis'' (Fig. 9B) . Indeed, several studies have provided evidence for asymmetric segregation of DNA strands in various stem cell lineages, and this has led to a vigorous debate on whether these results are simply artefacts or whether asymmetric DNA segregation is a widespread phenomenon in stem cell lineages (see Lansdorp [2007] and Rando [2007] for an excellent account of the pros and cons of the immortal strand hypothesis).
Currently, evidence for the immortal strand hypothesis relies on the same experimental principle. If stem cells always retain one DNA strand, DNA labeling with radioactive nucleotides or BrdU would always label only one of the two strands and, after two divisions, all labels should be lost. Conversely, when a label is administered before stem cells are generated, both strands are labeled, and the label should be retained by the stem cell forever. This method was first applied to tongue papilla and intestinal epithelia under stress or regenerative conditions where stem cells are thought to divide symmetrically and both strands would be labeled (Potten et al. 1978) . While the label was rapidly diluted in most cells, some cells retain the label for very long times, and this was interpreted as evidence for asymmetric segregation of newly synthesized, unlabeled DNA. More recent experiments with muscle tissue cells revealed a similar label retention phenomenon in satellite cells, the stem cells of adult skeletal muscles (Shinin et al. 2006) . Here, the use of BrdU allowed direct visualization of asymmetric DNA segregation in dividing cultured cells by immunofluorescence. Perhaps the best evidence for asymmetric DNA segregation comes from experiments in which use of two different DNA labels during two subsequent rounds of replication allowed staining artefacts to be excluded, and revealed that it is always the less differentiated daughter cell that retains the incorporated label (Conboy et al. 2007) . Asymmetric DNA segregation also seems to occur in neural stem cells (Karpowicz et al. 2005) , whereas use of similar labeling protocols in hair follicle stem cells (Sotiropoulou et al. 2008) or hematopoietic stem cells (Kiel et al. 2007) failed to reveal any evidence for differential segregation of DNA strands. In these cell types, the retention of labeled DNA is rather explained by longterm quiescence of the labeled stem cells (Tumbar et al. 2004; Wilson et al. 2008) . Thus, the results described so far would suggest that asymmetric segregation of DNA strands occurs in some but not in other stem cell types.
So far, the molecular mechanisms leading to template strand retention in stem cells are entirely unclear. DNA strands could be distinguished by different labels that are attached during replication. Since DNA replication is bidirectional, however, this would require that the labeling machinery could distinguish replication forks going in opposite directions. Another potential mechanism could involve histone octamers that need to be newly assembled for one of the two sister chromatids. An interesting possibility has been suggested recently in yeast, where the old and the new kinetochore can segregate into different daughter cells under particular conditions (Thorpe et al. 2009 ). In yeast cells in which the two copies of a key kinetochore protein are labeled by different GFP variants, each of the haploid cells resulting from sporulation will express just one label. The other labeled form, however, is inherited from the diploid mother cell, and this can be used to track inheritance of kinetochores during the first mitotic divisions. This technique reveals that the mother cells preferentially inherit old kinetochores, whereas the budding daughter cells will inherit the newly synthesized copy. Although this would provide an elegant manner to distinguish sister chromatids, the phenomenon is observed only in the ''mother cell lineage,'' but not in any cell that results from a newly formed bud. Although it is unlikely to be a general phenomenon, it could provide a beautiful explanation for immortal strand segregation.
Thus, we are still far away from understanding mitotic asymmetry of DNA segregation. Although the immortal strand hypothesis is attractive, experimental evidence is limited, and, if it is correct, it will certainly apply to only a subset of stem cell lineages.
Asymmetric inheritance of vesicular compartments
Cell fate determinants that are asymmetrically inherited during mitosis can act as regulators of vesicular trafficking. Numb binds to a-adaptin (Berdnik et al. 2002) and regulates the endocytosis of Sanpodo (O'Connor-Giles and Skeath 2003; Hutterer and Knoblich 2005) . Neuralized is an E3 ubiquitin ligase that controls the endocytosis of the notch ligand Delta (Lai et al. 2001) . While these proteins regulate the trafficking of specific transmembrane proteins, asymmetric cell divisions can also result in daughter cells with different composition of membrane compartments, or even involve the asymmetric inheritance of vesicular structures into one of the two daughter cells.
The possibility to perform live imaging (Bellaiche et al. 2001a ) and the development of whole-mount endocytosis assays (Le Borgne and Schweisguth 2003) have made Drosophila SOP cells the best model system to study vesicular trafficking during asymmetric cell division. Differences in protein trafficking are largely responsible for the different levels of Notch activity that establish pIIa and pIIb fates in the two daughter cells. In particular, the Notch ligand Delta is found mostly in intracellular vesicles, and the numbers of these vesicles are higher in the signal-sending pIIb cell (Le Borgne and Schweisguth 2003) . This is because Neuralized is segregated into the pIIb cell, where it stimulates endocytosis by acting as an E3 ubiquitin ligase for Delta. After division, Delta traffics to an apical membrane compartment whose formation requires the exocyst component Sec15 (Jafar-Nejad et al. 2005) . Mutations in sec15 cause a transformation of pIIa into pIIb, consistent with a loss of Delta signaling activity. Both pIIa and pIIb contain an apical actin-rich structure (ARS) that consists of numerous microvilli, and this is where most of the Delta-rich vesicles reside. Formation of this structure requires actin but also the Arp2/3 (actin-rich protein 2/3) complex and the actin regulator WASp (Rajan et al. 2009) . Like sec15 mutants, arp3 mutants cause cell fate transformations consistent with a loss of Delta signaling activity. Taken together, these data suggest that the ARS is required for formation of the apical membrane compartment through which Delta has to pass in order to activate Notch on the neighboring cell. Although the ARS is found in both pIIa and pIIb, Delta trafficking is distinct. The Rab11-positive recycling endosomal compartment through which endocytosed proteins are transported back to the plasma membrane is much more prominent in pIIb . This is due to a higher activity of the Rab11-binding protein Nuclear fallout (Nuf) in this cell. Surprisingly, this asymmetry is not established by the Par-3/6/aPKC complex, but follows an independent unidentified mechanism of asymmetric cell division. Thus, differential regulation of whole endocytic compartments can regulate signaling in the daughter cells of an asymmetric cell division.
Cell fate can also be regulated by the differential inheritance of vesicular structures. The SARA endosome is an early endocytic compartment that is enriched for molecules required for Dpp (the Drosophila homolog of TGFb) signaling. It accumulates the membrane-associated protein SARA that is involved in targeting the transcription factor Mad (Mothers against Dpp) to the membrane where it is phosphorylated by the Dpp receptor Tkv (Thick veins) (Bokel et al. 2006) . In epithelial cells of the developing Drosophila wing, the SARA endosome transiently associates with the central spindle during cytokinesis and is equally distributed between the two daughter cells, and signaling levels are equal in both daughter cells after division (Bokel et al. 2006 ). This mechanism allows tissues to maintain constant signaling levels even during active proliferation . In asymmetrically dividing SOP cells, however, the SARA endosome is excluded from the anterior spindle region during mitosis so that it preferentially segregates into the posterior pIIa daughter cell (Coumailleau et al. 2009) . In this case, it does not regulate Dpp signaling, but carries the Notch receptor together with its ligand, Delta. In the pIIa cell, SARA endosomes contain just the extracellular domain of Notch, whereas the intracellular domain is cleaved off and translocates into the nucleus. Thus, the asymmetric segregation of activated receptor ligand complexes ensures that signaling commences immediately after asymmetric cell division in one of the two daughter cells.
Asymmetric segregation of vesicular compartments is not restricted to Drosophila. In C. elegans, early endosomes are asymmetrically localized in an actin-myosindependent process during the first division of the zygote, and this leads to their asymmetric segregation into the anterior AB cell (Andrews and Ahringer 2007) . Like segregation of the SARA endosome, this process requires the Par-3/6/aPKC complex, and the vesicles are enriched on the side where those Par proteins are. Despite these exciting parallels, the precise vesicular localization pattern during mitosis suggests that different underlying mechanisms act to achieve vesicle asymmetry in Drosophila and C. elegans.
Whether endocytic compartments are also segregated asymmetrically in vertebrates is unclear. SARA-positive signaling endosomes exist in vertebrates as well, but neither precisely symmetric nor asymmetric segregation has been described in mitosis. On the other hand, a number of transmembrane receptors segregate asymmetrically in cultured mitotic hematopoietic stem cells or in T lymphocytes (Chang et al. 2007) . Among these proteins are several markers for early endosomal compartments , and it will be interesting whether their asymmetric segregation is functionally important or even uses a mechanism related to what is seen in Drosophila or C. elegans.
Asymmetric cell division and its implications for stem cell biology Stem cells can generate both self-renewing and differentiating daughter cells. Although different fates could arise in a purely stochastic manner, several studies have shown that intrinsically asymmetric cell divisions in mammalian stem cell lineages do occur (Knoblich 2008) . Homologs of the genes regulating asymmetric cell division in flies and worms are involved, but they often act in very different ways. Numb, for example, has a variety of seemingly unrelated functions in different tissues. In muscle stem cells (Shinin et al. 2006 ) and T lymphocytes (Chang et al. 2007) , Numb segregates asymmetrically during mitosis. During brain development, however, Numb regulates E-cadherin recycling and is therefore required for maintaining the integrity of the neuroepithelium (Rasin et al. 2007) . In mammary glands, Numb acts as a tumor suppressor (Pece et al. 2004 ) by binding to the E3 ubiquitin ligase MDM2 and preventing degradation of p53 (Colaluca et al. 2008) . Understanding how these various functions of Numb are coordinated within a cell is a major challenge for the future.
The best-studied example for an intrinsically asymmetric division in vertebrates is provided by the developing mouse forebrain (Gotz and Huttner 2005) . The developing brain is organized in a layered structure in which proliferating stem cells are apical, facing the lumen of the lateral ventricle, while differentiating neurons are located on the more basal side. Early during development, stem cells divide symmetrically to enlarge the progenitor pool. Starting from day 10 of embryonic development, progenitor cells start expressing glia markers and are therefore called radial glia cells. Their divisions become asymmetric, with one daughter cell retaining radial glia fate and the other migrating toward the basal side of the neuroepithelium to differentiate into a neuron. Alternatively, the more differentiated daughter cell can become a so-called basal progenitor, which typically divides once more to form two differentiating neurons Noctor et al. 2004) .
It was originally thought that the orientation of the mitotic spindle determines the symmetric or asymmetric outcome of the division (Chenn and McConnell 1995) , but this hypothesis is no longer accepted in the field. In fact, most asymmetric radial glia divisions occur in a planar orientation, resulting in two daughter cells that are initially located at the apical neuroepithelial surface (Kosodo et al. 2004; Konno et al. 2008) . Despite their planar orientation, however, these divisions are highly asymmetric. A basal process extends from the dividing progenitor all the way to the pial surface. During early symmetric divisions, this process is split during cytokinesis (Kosodo et al. 2008) . During asymmetric divisions, the process is inherited by just one of the two daughter cells, but the data on its fate-determining role are controversial (Miyata et al. 2001; Noctor et al. 2001) . The apical domain of radial glia cells is very narrow, and even slight tilting of the cleavage plane can lead to its asymmetric inheritance by only one of the two daughter cells ( Fig. 10 ; Kosodo et al. 2004) . Apical adherens junctions display a layered structure with aPKC and Par-3 on the apical-most side, followed by the zonula adherens protein ZO-1/Afadin, and finally the adherens junction proteins N-cadherin and b-catenin (Marthiens and ffrench-Constant 2009) . As a result, spindles can be oriented so that the apical-most proteins Par-3 (Bultje et al. 2009 ) and aPKC (Marthiens and ffrench-Constant 2009) are asymmetrically inherited, while junctional proteins can still attach both daughter cells to the apical web of the neuroepithelium. In mice lacking the Pins homolog LGN, spindles are oriented randomly, and daughter cells become abnormally localized at a distance from the apical surface because they lose their junctional complexes (Konno et al. 2008) . Several studies have demonstrated that the asymmetric inheritance of aPKC and/or Par-3 can contribute to the asymmetric outcome of neural glia divisions (Costa et al. 2008; Bultje et al. 2009) .
How could the Par proteins act? Par-3 can activate Notch signaling in a Numb-dependent way ( Fig. 10 ; Bultje et al. 2009 ). In Drosophila, Par-3 acts as an adaptor protein, allowing Numb to be phosphorylated by aPKC (Wirtz-Peitz et al. 2008 ). Similar observations have been made for mammalian Numb as well (Nishimura and Kaibuchi 2007) . It is plausible that Par-3 allows aPKC to phosphorylate Numb in one daughter cell. This could prevent Numb from inhibiting Notch, and the different levels of Notch activity in the two daughter cells could establish different fates. Alternatively, Par-3 could act in localizing a segregating determinant, as it does in Drosophila. The mouse Brat homolog TRIM32 is asymmetrically inherited in dividing radial glia cells (Schwamborn et al. 2009) , and it will be interesting to determine whether Par-3 is involved in generating this asymmetry.
The analysis of brain progenitor division demonstrates that biological mechanisms identified in invertebrate models are conserved in vertebrates, but are often used in a more complex manner. Indications for intrinsically asymmetric cell divisions exist in muscle stem cells (Shinin et al. 2006) , in skin stem cells (Lechler and Fuchs 2005) , and in the hematopoietic system (Chang et al. 2007; Wu et al. 2007 ), but certainly, some time will pass before we understand the underlying mechanisms at the same level of detail.
Asymmetric cell division and tumor formation
Stem cells seem to play an important role in the formation and maintenance of human tumors (Reya et al. 2001; Clarke and Fuller 2006) . When transplanted into immunocompromised mice, only a small subset of the cells in a human tumor can reinitiate tumor formation, and these cells often have stem cell character (Lapidot et al. 1994; Bonnet and Dick 1997; Al-Hajj et al. 2003; Singh et al. 2003) . This observation has led to the so-called cancer stem cell hypothesis, which predicts that tumors are maintained by a small population of stem cells that can give rise to all other cells and are the only cells capable of tumor reinitiation (Reya et al. 2001) . In an extended version, this hypothesis predicts that stem cells might even be at the origin of a tumor, and, therefore, mutations converting normal to cancerous stem cells might be a root cause of tumor formation (Clarke and Fuller 2006) . Although this is currently very speculative for human tumors, evidence for a stem cell origin of colon cancer (Barker et al. 2009 ) and brain tumors (Kwon et al. 2008) has been obtained recently in mouse model organisms. Thus, it will be important to understand how proliferation is controlled in stem cell lineages and how defects in these controls could potentially lead to tumor formation.
In Drosophila, defects in asymmetric cell division can turn neural stem cells into tumor-initiating cells that recapitulate several of the steps typical for mammalian tumors as well. In fact, many of the key regulators of asymmetric cell division act as tumor suppressors (Caussinus and Gonzalez 2005; Bello et al. 2006; Betschinger et al. 2006; Lee et al. 2006a,c; Wang et al. 2006 Wang et al. , 2007 Gonzalez 2007; Castellanos et al. 2008) , and, in some cases, those genes have actually been identified due to their tumor phenotype (Gateff 1978) . Mutations in these tumor suppressor genes typically lead to an overproliferation of neuroblasts during larval stages. As a consequence, brains become enormous in size and the animals eventually die. However, tumor progression can be followed over long times by transplanting tumor tissue into the abdomen of female host flies, where it will continue to grow and kill the host as well (Caussinus and Gonzalez 2005) . This transplantation process can be repeated for years, and, in fact, becomes more efficient with each round of transplantation. Although the original tumors have normal karyotypes (Caussinus and Gonzalez 2005; Castellanos et al. 2008) , cells eventually become aneuploid and, at the same time, start to metastasize and acquire other tissue identities (Caussinus and Gonzalez 2005) . Thus, Drosophila can serve as a model organism to study tumor formation from stem cell lineages.
Typically, tumors form because excess neuroblasts are generated at the expense of differentiating neurons. Therefore, all genes that encode for proteins segregating into the basal GMC (like brat [Bello et al. 2006; Betschinger et al. 2006; Lee et al. 2006c] , numb [Lee et al. 2006a; Wang et al. 2006] , pros [Bello et al. 2006; Betschinger et al. 2006; Lee et al. 2006c] , mira [Betschinger et al. 2006; Lee et al. 2006c] , and pon [Wang et al. 2007] ) and those that specify the basal domain (like lgl [Lee et al. 2006b ]) act as tumor suppressors. Genes that specify the apical domain (like aPKC [Lee et al. 2006b ] or par-3 [Wirtz- Peitz et al. 2008] ) have the opposite phenotype, leading to neuroblast loss and lineage termination.
One simple interpretation would be that symmetric division of neuroblasts leads to exponential rather than linear proliferation, and this is why neuroblast numbers explode. However, this view is too simple. First, all larval neuroblasts become quiescent during pupal stages of development (Ito and Hotta 1992) or when transplanted into the abdomen of another fly (Caussinus and Gonzalez 2005) . Tumor neuroblasts, however, continue to proliferate indefinitely, even during adult stages (Bello et al. 2006) or upon transplantation (Caussinus and Gonzalez 2005) . Second, the asymmetry of neuroblast division is not affected per se, since other determinants still segregate normally when one of them is missing and since one daughter cell is still larger than the other, at least in most tumors. Third, tumor formation actually starts with a cell cycle delay in the misspecified GMC, rather than an immediate rapid exponential proliferation (Lee et al. 2006c; Bowman et al. 2008) . And finally, a detailed survey of the immediate events leading to tumor formation in brat mutants (Bowman et al. 2008 ) reveals a stereotyped series of events that lead to the generation of abnormally proliferating tumor-initiating neuroblasts in brat mutants.
In brat mutants, tumors arise from type II CB neuroblasts (Bowman et al. 2008) . Unlike all other CB neuroblasts, these do not express the transcription factor ase. Upon division, ase is transcribed in the INP before and during transit-amplifying divisions. In brat mutants, type II neuroblasts still divide asymmetrically, but ase transcription is never initiated. Instead, the newly born INP does not enter mitosis, but remains in interphase for ;24 h. Between 24 and 48 h however, the INP enters mitosis without transcribing ase, and it seems that this mitosis of the immature precursor is the tumor-initiating event. Afterward, cell proliferation proceeds at a rapid pace, and, eventually, cells no longer respond to growth-inhibitory signals. Thus, the mechanisms leading to tumor formation seem to involve much more than a simple cell fate transformation. It seems as if defects in asymmetric cell division lead to the formation of a cell type that does not occur in wild-type flies and no longer obeys the signals for proliferation control.
What could those signals be? Neuroblasts express a temporal series of transcription factors during embryonic and larval stages (Isshiki et al. 2001; Maurange et al. 2008) . During pupal stages, they become smaller in size and, ultimately, they undergo a symmetric division in which Pros enters both daughter cells, leading to terminal differentiation. When certain larval transcription factors of the neuroblast clock are missing (for example, seven up), this does not happen, and neuroblasts proliferate into adulthood. It is quite possible that defects in asymmetric cell division perturb the neuroblast clock, and this is what immortalizes the tumor cells. Alternatively, a symmetric neuroblast division could generate a ''rejuvenated'' neuroblast that has an immature identity and fails to terminate in pupal stages. Finally, the tumor cells could have the correct temporal identity but simply lack molecules required to receive the hormonal signals that determine the pupal stage. It is interesting that neuroblasts are different in the timing of their cell cycle exit. Mushroom body neuroblasts, a subset of CB neuroblasts that generate the learning and memory centers of the fly brain, stop proliferating only at the end of the pupal period (Ito and Hotta 1992) . Interestingly, mushroom body neuroblasts specifically express the transcription factor tailless (tll), and this is required for their prolonged proliferation (Kurusu et al. 2009) . tll is an inhibitor of pros expression and is tumorigenic when expressed in other CB neuroblast lineages. Thus, changes in these transcriptional programs could well alter cell cycle control in tumor neuroblasts.
To what extent are those results from flies relevant for mammalian tumor biology? In vertebrates, genetic aberrations are responsible for tumor formation. As early as 1914, Boveri claimed that aneuploidy caused by missegregation of the genetic material is responsible for tumor formation (Harris 2008) , and described that changes in centrosome number could be responsible for this effect. Only recently, this hypothesis has been experimentally verified. In mammalian tissue culture cells, the presence of extra centrosomes leads to misattachment of chromosomes to the mitotic spindle and to chromosome missegregation and chromosomal instability (Ganem et al. 2009 ). In Drosophila, an increase in centrosome number can lead to tumor formation as well (Basto et al. 2008; Castellanos et al. 2008 ), but, surprisingly, this effect is seen only in neuroblasts and not in symmetrically dividing cells (Castellanos et al. 2008) . It is not enhanced by mutations causing genomic instability (Castellanos et al. 2008) , and therefore is attributed to a defect in asymmetric cell division rather than chromosome missegregation. Excess centrosomes cause defects in aligning the spindle with polarity axis (Basto et al. 2008) , and, consequently, to missegregation of determinants or of aPKC (Cabernard and Doe 2009) during mitosis. Precisely how the resulting cell fate changes lead to tumor formation is not understood, but it will certainly be interesting to test whether a comparable effect is seen in mammalian stem cell lineages as well. Vertebrate homologs of genes regulating asymmetric cell division in Drosophila like Numb (Pece et al. 2004) and Lgl (Schimanski et al. 2005) have been demonstrated to act as tumor suppressors. Whether or not they act on stem cell lineages and their asymmetry is currently unclear. It is known that tumor stem cells generate more stem cell-like daughters than their ''normal'' counterparts (Singh et al. 2004) . Finding out whether this is due to defects in asymmetric cell division and whether those defects are crucial for tumor formation in vertebrates as well will certainly be an exciting challenge for the future.
Future perspectives
Over the past years, many of the key questions in asymmetric cell division have been solved. In C. elegans and in Drosophila, we know how polarity is set up during mitosis, and we have a good understanding of the mechanisms that align the mitotic spindle and result in spindle displacement. Recently, it also became clear that asymmetric phosphorylation is the key mechanism behind the asymmetric segregation of cell fate determinants in mitosis. Does this mean the puzzle is solved?
Certainly not! Despite these major advances, we still lack a molecular understanding of many of the processes involved. How is polarity inherited over several divisions? How do G proteins connect to molecular motors and increase their force-generating capacity? How are cytoskeletal asymmetries of the actin cytoskeleton coupled to asymmetric phosphorylation events that seem to act on segregating determinants? And finally, how is one of the daughter nuclei reprogrammed to become different from the sister cell? Determinants like Numb disappear some time after mitosis, but cell fate does not revert. What are the mechanisms that send one cell down a distinct pathway, and how do those become irreversible? And what goes wrong when defects in asymmetric cell division lead to the formation of a tumorous cell type that proliferates indefinitely and kills the whole organism?
Finally, however, we still have no real clue of how asymmetric cell division is regulated in mammalian adult stem cell lineages. One major problem is that, even in model organisms, all experiments have been done during development so far. Adult stem cells in flies have only recently been discovered in the midgut (Micchelli and Perrimon 2006; Ohlstein and Spradling 2006) , and it will be interesting to test whether they use mechanisms similar to neuroblast division as well. In fact, gut stem cells can react dynamically to damage and infection (Jiang et al. 2009) , and purely intrinsic mechanisms seem too inflexible, so that interesting variations of the classical theme might be expected.
Understanding the contribution of asymmetric cell division to mammalian development and organ homeostasis will be the primary goal, and, with better understanding and improved lineage analysis and liveimaging tools, the goal of uncovering the key mechanisms comes within reach.
